Abstract. As the construction of infrastructure in and around a river channel modifies the flow and sediment transport characteristics, prediction of scour depths is an integral part of engineering design. Whilst there are a substantial number of predictive equations available to estimate the scour resulting from bridge piers, other types of structures have been less examined. This paper reports on flume experiments and numerical modelling to examine the role of submerged sills in the development of scour. Sills can be utilised in a channel to control bed stability, influence mixing dynamics or dictate water levels. Additionally, sills can occur due to infrastructure including riprap-covered pipeline crossings. The majority of previous work on sills has been undertaken on unsubmerged or partially submerged sills. The only experimental work on submerged sills is restricted to a range of conditions not applicable to pipeline crossings in large sandbed rivers. This paper presents experiments, using artificial light-weight sediment (crushed walnut shell), undertaken with a fixed flow depth but a range of velocities and sill heights, all of which are in the surface flow regime. Hydrodynamic numerical simulations were run for the same conditions to gain insight into the corresponding flow structure.
Introduction
Accurate estimates of scour are often required to prevent failure of structures that are constructed on alluvial rivers. Estimation of scour resulting from bridge piers has been extensively explored, resulting in a multitude of predictive equations (including [1] [2] [3] ). However, other structures, such as sills which span over the width of a channel projecting from the bed into the flow, have been examined less extensively. Sills can be introduced as control structures, for example to influence bed stability, mixing dynamics or water levels. Alternatively, and as will be the focus of this research, sill-like structures may occur unintentionally as a by-product of engineering works. This paper forms part of an investigation to examine the effect of placing riprap aprons over pipeline crossings to prevent their exposure and potential damage. In some situations, for example due to general bed degradation, the riprap may protrude up into the flow, forming a sill and generating additional local scour.
The majority of previous work on sills has involved unsubmerged or partially submerged sills (e.g. [4] [5] ) which are not representative of riprap-covered pipeline crossings. However, recent research [6] [7] has included an extensive dataset exploring the role of sill height (Z), tailwater depth (H), sediment size, and flow strength (indexed by velocity (V)/critical velocity (Vc)) upon scour depths downstream of submerged sills under both live-bed and clearwater conditions.
We are particularly interested in large sand-bedded channels (for example, the Fraser River in British Columbia, Canada), and when attempting to use the Guan et al. [6] [7] dataset as a predictive tool, an issue arises. In the sand-bed section of the Fraser River, the channel has large flow depths, therefore low values of Z/H, and relatively high flow strengths, therefore high values of V/Vc; the dataset [6] [7] is capable of meeting both these requirements. However, the Guan et al. [6] [7] experiments utilised sand (D50 of 0.26 mm and 0.85 mm (Dx denotes the grain size for which x % is finer)), therefore at high V/Vc values the flow is in the impinging jet regime; conditions which are not representative of many low gradient, sand bed rivers such as the Fraser River, which is in the surface flow regime (for details of surface flow and impinging jet regimes, see [8] ). This difference in the type of flow regime is significant, as Guan et al. [6] showed that the flow regime can have a substantial impact upon the scour depth, therefore eliminating the possibility of utilising the Guan et al. [6] [7] dataset as a predictive tool.
To address this research gap, a series of experiments examining scour downstream of a submerged sill were undertaken using crushed walnut shell. By utilising crushed walnut shell, which is low density and therefore very mobile, it is possible to remain within the surface flow regime even for high V/Vc values; conditions representative of flow over riprap covered pipeline crossings in large sand-bed rivers, such as the Fraser River.
Methods

Physical modelling
Experimental arrangement
Experiments were undertaken in the laboratory at NHC, Vancouver, Canada. The experiments were exploratory, and therefore not scaled to a field case. The flume is 1.875 m wide, has a 10.85 m useable length and a 0 % slope. To control the water level an adjustable tailgate is installed at the downstream boundary. Water is supplied, and the rate controlled, using a pump. The pump also recirculates sediment. The experiments utilised crushed walnut shell to form the sediment bed. The walnut shell has a specific gravity of 1.3 and D50 of 0.2 mm. The flume is equipped with an acoustic doppler velocimeter (ADV) and a laser-bed scanner. The laser-bed scanner measures the channel bathymetry, enabling the creation of digital elevation models. The scanner runs over a length of 6.9 m, originating 3.4 m from the upstream boundary. The ADV is positioned at the channel centreline, 2 m from the upstream boundary, and was run with a sampling rate of 25 Hz and a sampling height of 7 mm.
Initiation conditions
To evaluate the relative flow strength (velocity/critical velocity (V/Vc)) in each experiment it was necessary to determine initiation conditions for the walnut shell (Vc). The following procedure was utilised to determine initiation conditions: (1) the bed surface was wetted and flattened using a scraper, (2) the flume was slowly filled to a flow depth of 30 cm, and (3) the velocity in the channel was gradually raised by increasing the pump rate and lowering the tailgate (flow depth was consistently 30 cm). At each velocity the walnut bed surface was monitored for several minutes for signs of entrainment. The bed was determined as being under 'initiation condition' once there were signs of entrainment upon the bed surface. The average velocity for initiation at 0.368y (y: flow depth) (distance from the bed) is taken to be 11.6 cm/s. The turbulent kinetic energy method outlined in Biron et al. [9] at 0.1y was utilised to estimate the dimensionless shear stress as 0.068.
Assessing initiation is subjective and challenging. It must be acknowledged that the colour of the water in the flume experiments was dark brown due to the walnut shell. Whilst this was advantageous for generating high quality ADV measurements (with regards to signal-to-noise ratio), the dark water meant that entrainment conditions could only be assessed over a very limited distance close to the transparent sidewall. Consequently, the values determined represent our best estimate, but are not to be considered definite.
Experimental procedure
Ten experiments were undertaken with a range of velocities and two different sill heights (Z): 6 cm and 9.6 cm (see Table 1 ). Both sills were 2 cm wide, made of plexi-glass, and spanned the width of the flume orientated perpendicular to the flow. In all the experiments the flow depth (H) was 30 cm, therefore Z/H ratios of 0.20 and 0.32 were tested.
The initial condition for the experiments was a flat bed. To prevent plunging flows over the sill at the start of the tests, the flume was slowly filled with water from both the upstream and downstream boundaries. Once the flow depth reached 30 cm, the pump valve and the flume tailgate were varied until the velocity reached the desired value and the flow depth was at 30 cm. The experiments were run until the bed reached equilibrium, which was determined by monitoring the bed profile through a plexi-glass sidewall. 
Numerical modelling: CFD
Computational fluid dynamics (CFD) modelling of the flume was undertaken using FLOW-3D. The purpose of the CFD model was to gain insight into the flow structure within the flume, as direct measurement was not feasible. Two model runs were undertaken, both with a velocity of 47 cm/s imposed at the upstream boundary and a flow depth of 30 cm at the downstream boundary. The first simulation incorporated a 6 cm high sill (corresponding to Experiment 7), and the second a 9.6 cm high sill (corresponding to Experiment 10). The mesh in the x, y and z directions was 1 cm, ensuring that the influence of 2 cm wide sill was captured. A roughness value (ks) of 2x10 -6 m was utilised. This value was estimated by fitting a logarithmic profile to the vertical velocity profile measured in Experiment 7. Figure 1 presents the equilibrium scour profiles of Experiments 7 and 10; these experiments represent the highest flow velocities within the data set for each sill height. The maximum scour depth, Ds, and the distance of the maximum scour, Ls, are labelled for Experiment 7. Figure 1 illustrates that, for a given flow depth and this particular approach velocity, an increased projection of the sill into the flow results in a scour hole which is deeper and farther downstream. The positive correlation between sill projection and scour depth and distance demonstrated in Figure 1 was consistent for the range of velocities tested, as evidenced in Figure 2 
Results
Discussion and Conclusion
The experiments demonstrate that increasing sill projection results in deeper scour, with the position of maximum scour occurring farther downstream (see Figures 1, 2 and 3) . The CFD simulations provide insight into this relation. In Figures 4 and 5 a back-eddy can be seen on the downstream side of the submerged sill. The occurrence of this back-eddy agrees with observations made during the flume experiments; within the scour hole walnut shell was observed to move upstream. Comparing Figure 5 (Z/H=0.32) with Figure 4 (Z/H=0.2) demonstrates that a higher sill (for a fixed flow depth) increases the magnitude and downstream length of the back-eddy, explaining the scour relation. This has important implications for engineering design. Bed degradation or dredging of river channels for navigation result in bed lowering and therefore the increasing projection of riprap covered pipelines into the flow.
For a given sill height, greater flow strengths (indexed by V/Vc) increase the depth and distance of scour (see Figures 2 and 3) . Distance of scour was not reported by Guan et al. [6] [7] so it is not possible undertake a comparison. However, it is possible compare maximum scour depths. Figure 6 utilises the same axes as in Guan et al. [6] [7] with V/Vc on the x-axis and Ds/H on the y-axis, and includes both our data and the data from [6] [7] with similar Z/H ratios including two different grain diameters (D). Figure 6 clearly illustrates that the data does not collapse, indicating that the dimensionless parameters utilised in the axes are not a good description of the physical processes determining scour downstream of sills. It is suggested that further work is needed to find a universal collapse of the data to enable its use as a predictive tool. It is proposed that this will require consideration of the flow regime and sediment properties. 
